Aiming at improving the tracking stability performance for intelligent electric vehicles, a novel stability coordinated control strategy based on preview characteristics is proposed in this paper. Firstly, the traditional stability control target is introduced with the two degrees of freedom model, which is realized by the sliding mode control strategy. Secondly, an auxiliary control target further amending the former one with the innovation formulation of the preview characteristics is established. At last, a multiple purpose Vague set leverages the contribution of the traditional target and the auxiliary preview target in various vehicle states. e proposed coordinated control strategy is analyzed on the MATLAB/CarSim simulation platform and verified on an intelligent electric vehicle established with A&D5435 rapid prototyping experiment platform. Simulation and experimental results indicate that the proposed control strategy based on preview characteristics can effectively improve the tracking stability performance of intelligent electric vehicles. In the double lane change simulation, the peak value of sideslip angle, yaw rate, and lateral acceleration of the vehicle is reduced by 13.2%, 11.4%, and 8.9% compared with traditional control strategy. e average deviations between the experimental and simulation results of yaw rate, lateral acceleration, and steering wheel angle are less than 10% at different speeds, which demonstrates the consistency between the experimental and the simulation results.
Introduction
An intelligent vehicle is equipped with various sensors and electronic systems to overtake complex driving tasks from the driver, and it can be widely applied in a variety of fields. Especially, two-wheel independently driven intelligent electric vehicle is an increasingly important part of intelligent transportation systems, whose advantage is concentrated on environmental protection, safe driving, and control flexibility. It has become the research frontier in the field of vehicle engineering and the trend of the automobile industry development, which has attracted considerable interests and efforts from academia, industry, and governments [1] [2] [3] [4] . e development and application of the intelligent electric vehicle require a variety of technologies, among which tracking stability control plays a critical role in improving safety and comfort for autonomous driving. Vehicle state parameters are monitored and controlled in the tracking process for stability guarantee. During last decades, more attention has been paid to this research topic. e carefully chosen bounds of the vehicle yaw rate and sideslip angle are designed on the basis of tire adhesion limitation so as to prevent the vehicle from spinning out of the path [5] . An electronic power-assisted steering system is studied to improve the stability of the whole vehicle from the aspect of reducing the steering system oscillation [6] . Typically, the linear quadratic regulation (LQR) and fuzzy controller can be used to minimize transient acceleration according to the curvature of the forward path while controlling the trajectory tracking error [7, 8] . Nevertheless, these approaches are hard to manage modeling uncertainties and unknown external disturbances. To solve the problem, an actuator based on sliding mode to improve the robustness and stability is proposed [9] [10] [11] [12] [13] [14] . Besides, the adaptive robust control is also a useful method to deal with the problem [15] . Moreover, model predictive control (MPC) strategy is also a popular method to deal with the parameters affecting the stable state.
Yaw rate, lateral acceleration, and steering wheel angle can be considered as constraints in trajectory tracking control strategy to prevent the sudden change of steering angle from causing the negative impact on driving stability [16] [17] [18] . A nonlinear MPC that combines tire model with model prediction aiming at minimizing the tracking error and stabilizing the vehicle is also illustrated [19, 20] . e aforementioned researches increase the stability margin by limiting the sideslip angle or controlling the lateral acceleration of the vehicle during trajectory tracking. However, it is still insufficient for considering the dynamic characteristics of the vehicle. ere is no guarantee that the intelligent electric vehicle has good stability performance in limited conditions. erefore, it is necessary to design a specialized stability control strategy to interfere with the vehicle state during the tracking process.
As further explored, vehicles are stabilized by combining the trajectory deviation with dynamic characteristics [21, 22] . Furthermore, both kinematics and dynamics characteristics are considered as a multilayer controller. In the dynamics level, a decentralized predictive controller is used to optimize the front wheel angle [23] . However, these methods neglect the environment constraints and system capabilities. In order to make full use of road friction coefficient, stability is controlled in the tire force distribution layer with the hierarchical control method for trajectory tracking [24] [25] [26] . In addition, a variety of studies consider more constraints to enhance stability [27, 28] . Based on the optimization theory, a three-layer controller making full use of adhesion of each tire to improve the stability by additional yaw moment is designed [27] . Two objective functions are established to enhance stability and mobility, respectively. Wheel driving forces are distributed under constraints including direct yaw moment requirements, road friction condition, and motor capability [28] . Although more practical conclusions can be drawn with these constraints, road condition changes are not discussed in the above researches. Aiming at dealing with the stability issue on the split road, a wavelet controller is used to improve the vehicle stability on the basis of the equal torque distribution [29, 30] . More generally, considering additional complexity arises due to different environmental conditions, and effects have been made to improve the adaptability of control strategy in different driving conditions. Reference [31] illustrates a kind of method to construct driving conditions for electric vehicles. A slip rate control method based on the antilock braking system (ABS) and traction control system (TCS) is utilized to improve stability performance by effectively reducing the slip ratio of the wheels with different adhesion coefficient. Vehicle stability control effect is verified through the hardware-in-loop simulation and experiment [32] .
Several recent researches have highlighted the potential use of environment perception system in gathering vehicle state information since the controller of a traditional vehicle cannot access sufficient information. While based on the global position system (GPS) and inertial navigation system (INS), parameters related to vehicle dynamic stability control such as position, velocity, acceleration, and yaw rate can be obtained conveniently. Based on the GPS/INS information fusion technology, a relaxation coupling observation scheme is adopted to estimate the vehicle stability state parameters, and the estimation result is robust to the change of the road coefficient and wheel parameters, which provides a reliable basis for subsequent stability control [33] . A coordinated control strategy for trajectory tracking and stability is studied by estimating the slip rate with GPS and INS [2] .
In the aforementioned scenarios, impacts of the vehicle future motion on stability performance are not implicitly considered, and only common stability control problems concerned with a traditional electric vehicle are discussed. A study [34] contributes to distributing torques of four driving wheels considering the influence from a driver on the vehicle control with a preview model. However, the influence of preview on additional yaw moment to regulate the vehicle is not deeply discussed. Since additional yaw moment is also essential to stability performance, the stability control focusing on additional yaw moment optimization with preview characteristics is worthy to be studied.
In this paper, a systemic coordinated control strategy is innovatively proposed. e main contribution of this paper can be summarised as follows. (1) e structure of a system for solving the limitation of traditional stability control strategies is put forward. Considering that traditional vehicle dynamic model, like the 2-DoF model, cannot timely handling limited conditions, the framework of a preview-based control method helping to stabilize the vehicle is designed. (2) e method to predict future motion of the vehicle is designed. For intelligent electric vehicles, their environment perception system with expanded sensing range has proven to be much helpful to vehicle controlling. Inspired by this, we put forward the method of preview to obtain the vehicle state along the certain path in advance, and we use this prediction to intervene the vehicle motion so as to improve the effect of vehicle stability control accordingly. (3) A solution for the problem of how to modify the traditional stability control through preview characteristics is proposed. Based on the Vague set theory, different modifying schemes are considered as the set of alternatives to be selected; by scoring them, we transform this problem into seeking the optimum solution to achieve the most effective control performance. e rest of the paper is organized as follows. e control system is firstly modelled in Section 2, followed by two separate sections with traditional dynamic stability control strategy in Section 3 and preview characteristics-based control strategy in Section 4. Section 5 gives detailed introduction of the proposed coordinated control system. Simulation results and analyses are illustrated in Section 6, followed by the conclusion in Section 7.
Modeling of the Control System

Vehicle Dynamics Modeling.
is subsection builds the twelve degrees of freedom (12-DoF) dynamics model by analyzing the forces of the vehicle.
ere is translational motion of longitudinal, lateral, and vertical direction. It is also taking yaw, pitch, roll, and the rotation of 4 wheels as well as the steering of two front wheels into account, as shown in Figure 1 . Neglecting the influence of road irregularity, the following assumptions are made for the modeling:
(1) Assuming that the vehicle mass is divided into sprung mass and unsprung mass (2) Assuming that the vehicle is traveling on a flat road, i.e., the input of the road surface unevenness excitation is not considered (3) Assuming that four wheels are independent of each other and are always in the rolling state e sum of the rotational kinetic energy and the translational kinetic energy of the total mass is regarded as the total kinetic energy T. e sum of the elastic potential energy of the tires and the suspensions as well as the gravitational potential energy of the sprung mass is regarded as the total potential energy V. e dissipative energy of the suspensions deforming caused by the suspension shock absorbers is denoted as E.
According to Lagrange modeling method, we substitute the above kinetic energy, potential energy, and dissipative energy equation of the vehicle into a special form of Lagrangian equation [35] as follows:
where e i and Q i are the generalized coordinates and the corresponding generalized forces. e vehicle coordinate system and the tire coordinate system are depicted as (X v , Y v , Z v ) and (X w , Y w , Z w ). e longitudinal, lateral, and vertical dynamics equations along X v , Y v , and Z v axis are
where F x , F y , and F z are the longitudinal, lateral, and vertical forces of the vehicle/N, F xfl , F xfr , F yfl , and F yfr are the longitudinal as well as lateral forces of left and right front wheels/N, F xrl , F xrr , F yrl , and F yrr are the longitudinal as well as lateral forces of left and right rear wheels/N, δ f is the front wheel steering angle/rad, F f is the rolling resistance force/N, F w is the aerodynamic resistance force/N, F zfl , F zfr , F zrl , and F zrr are the vertical forces on four wheels/N, and M is the vehicle mass/kg. e roll, pitch, and yaw dynamics equations of X v , Y v , and Z v axis are given as
where M x , M y , and M z are the rolling, pitching, and yawing moments of the vehicle/(N·m), B is the wheel base/ m, a and b are the distances from the C.G. to front and rear axles/m, M s is the sprung mass/kg, a sx , a sy , and a sz are the acceleration of the sprung mass along X v , Y v , and Z v axis/ (m/s 2 ), (x sm , 0, z sm ) are the coordinates of center of gravity for sprung mass in the vehicle coordinate system, F s1 , F s2 , F s3 , and F s4 are the forces of four suspensions/N, and T tL and T tR are the left and right wheel steering torques/(N·m). e motion of wheel is divided into two categories: one is rotational motion of four wheels around Y w axis and the other is steering motion of two steering wheels around Z w axis. e paper researches a distributed front-wheel independent drive intelligent electric vehicle, and the front wheels act as the steering wheels. e dynamics equations of wheels rotating around Y w axis are
where M tfl , M tfr , M trl , and M trr are the torques of four wheels rotating around Y w axis/(N·m), T Bfl , T Bfr , T Brl , and T Brr are the braking torques of wheels/(N·m), R is the wheel radius/ m, and T L and T R are driving torques of the front wheels/ (N·m). e dynamics equations of front wheels rotating around Z w axis with the effect of the steering torques T tL and T tR as well as the resistance moments M fL and M fR are
where M tzl and M tzr are the steering torques of front wheels rotating around Z w axis/(N·m) and M fL and M fR are the Mathematical Problems in Engineering 3 resistance moments of front wheels rotating around Z w axis/ (N·m).
Tire
Modeling. e longitudinal force, lateral force, and positive moment of the tire can be calculated according to the magic formula [36, 37] , and certain accuracy and reliability can be ensured at the same time, which can be used to analyze the stability of the vehicle during the driving process. erefore, magic formula is adopted to build a tire model in this paper. e typical curve of the tire model is shown in Figure 2 , and the expression is shown as
where Y(X) represents longitudinal force, lateral force, or positive moment, X represents tire slip angle or slip ratio, B is the stiffness factor, C is the shape factor, D is the peak factor, E is the curvature factor, B, C, D, E are the experimentally determined coefficients, S h is the horizontal offset/ m, and S v is the vertical offset/m. To simplify the calculation, the effects of S h and S v are not considered. For the intelligent electric vehicle, the front wheel steering is directly controlled by the steering motor; the lateral force of the vehicle is given by the following equation [38] :
where F y0 is the lateral tire force/N and α is the tire slip angle/ rad.
It can be known from equation (8) that the lateral tire force depends on tire slip angle between the tire's orientation and direction of travel. It is caused by the lateral elasticity of the tire, which can be described as follows:
where α 1,2 and α 3,4 are the front and rear wheel slip angle/ rad, v is the vehicle lateral speed/(km/h), and ω r is the vehicle yaw rate/(rad/s).
Preview Modeling.
As for a traditional vehicle, a virtual temporary target point is set on the target path by the driver, and the vehicle is controlled with the target point according to driving experience to minimize the deviation between the current position and the target position in real time. Inspired by the driving law, a single point preview model is established to track the desired trajectory by taking the vehicle's lateral deviation and heading angle deviation as the state parameters.
Taking the front axle center as the motion reference point, the point P at the preview distance along the longitudinal direction of the vehicle is used as the preview point, and the mirror point P′ with the same distance on the trajectory is the target point. e distance between P point and P′ point is the lateral deviation. e angle between the current longitudinal velocity and the tangent line of the road at P point is regarded as heading angle deviation. e single point preview model is shown in Figure 3 and can be written as [39] : 
where D L is the preview distance/m, y r is the lateral deviation/m, φ r is the heading angle deviation/rad, u is the longitudinal velocity of the vehicle/(km/h), β is the vehicle sideslip angle/rad, φ is the yaw angle/rad, and ρ L is the curvature of the path to be followed/m. e preview distance D L is related to vehicle speed as follows [40] :
where D Lmin is the minimum preview distance/m, u min is the corresponding speed of D Lmin /(km/h), D Lmax is the maximum preview distance limited with the maximum visual distance of 
Traditional Stability Control of Intelligent Electric Vehicles
In this paper, the stability control strategy without considering preview characteristics is called the traditional stability control strategy. Considering the sliding mode is not sensitive to system parameters perturbation and external disturbance, sliding mode control (SMC) has high potential in vehicle control systems and is employed for traditional dynamic stability control in this paper. In order to guarantee vehicle sideslip angle and yaw rate can track the desired value, the structure of traditional dynamic control strategy based on the sliding mode is designed as Figure 4 . e 2-DoF vehicle model acts as the desired model. Yaw rate ω rd 1 and sideslip angle β d 1 of the vehicle based on the 2-DoF model are shown as follows [38, 41, 42] :
e sliding surface based on the above control objectives can be designed, as shown in
where
and c is the weight coefficient, which represents the proportion of the sideslip angle deviation in the total value [43] . rough the 12-DoF vehicle model established in the previous section, the following equation can be obtained:
e yaw moment generated by the driving torque can be depicted as
e derivative of s can be calculated as
where (16) is also bounded, |U| < U, with U being the boundary.
Setting _ s � 0, equivalent control law can be obtained:
: Single point preview model. e relationships between lateral deviation as well as heading angle deviation and road geometry can be seen.
Considering the real-time requirements in controlling process, constant rate approaching method is selected to design the controller to improve response speed [44] as follows:
where sgn(·) is a sign function, k SMC is the coefficient, and k SMC is larger than U.
In order to verify the system stability, the second stability criterion of Lyapunov is adopted. Lyapunov function can be defined as
e reachability condition _ V < 0 must be guaranteed when sliding.
Substituting the control law of the designed controller of equation (18) 
Deriving equation (19) and substituting equation (20) 
Since k SMC > U can be guaranteed during the sliding mode controller designing process, it is obvious that _ V < 0 can be satisfied.
Tracking Stability Control of Intelligent
Electric Vehicles Based on Preview Characteristics
Tracking Stability Control Target.
Since the driving condition is complex and changeable, the vehicle dynamics characteristics are inclined to change during the trajectory tracking process. Besides, the simplified 2-DoF model cannot accurately describe the controlled system at any time. Figure 5 gives the relationship between desired yaw rate and vehicle velocity under various road friction coefficients μ and steering angles δ.
Assuming when vehicle drives on the road with the friction coefficient of 0.5 and the steering angle is 7°, with the increasing of vehicle speed, the yaw rate also increases. At point A, with the restriction of friction coefficient, yaw rate begins to decrease. e deviation between ideal value and actual value is smaller than the deviation required for actual stability control. As a result, the feedback control output also decreases. erefore, the stability control of yaw moment based on the 2-DoF model has certain limitations and it is hard to obtain the optimal control effect at any time, especially in extreme conditions. What is more, if the curvature of the trajectory to be tracked is fairly large, rapid and accurate response of vehicle state are expected to prevent excessive output of the front wheel steering angle and its changing rate caused by trajectory deviation with trajectory tracking control strategy, which has an unfavorable effect on stability. On the other hand, the rapid response also serves the next stage of preview [45] .
Generally, a driver's handling behavior will also exert an important impact on the stability in the course of driving for the traditional vehicle. e state of the vehicle can be adjusted according to the driver's subjective feelings [46, 47] . e driving process of an intelligent electric vehicle, however, lacks subjective intervention of a driver, which will impose a negative impact on vehicle stability to a certain extent. erefore, a trajectory tracking stability control strategy based on the preview characteristics is proposed. With the preview model established in Section 2, the future movement of the vehicle can be predicted by observing the destination path in advance and the parameters related to vehicle stability state can be obtained. As a result, driving Mathematical Problems in Engineering behavior of the intelligent electric vehicle equivalent to driver's intention in a traditional vehicle can be obtained, through which the direct yaw moment of the stability control determined with the 2-DoF model can be optimized. According to the vehicle preview model in equation (10), the desired vehicle sideslip angle and yaw rate satisfying the lateral deviation and heading angle deviation can be written as follows:
LQR Tracking Stability Control
Strategy. LQR is adopted in tracking stability control strategy in this paper with regard to its advantage in forming a closed loop optimal control. According to LQR control theory, state variables are the deviations between actual yaw rate as well as sideslip angle and the ideal values based on the trajectory tracking stability control target during the preview and follow process. e yaw moment M 2 acting on the intelligent electric vehicle is the control input. To sum up, the tracking stability model can be expressed in a continuous form as follows [48] :
, 0] T , and I z is the vehicle's moment of inertia. e evaluation index of the system is shown as
where the error integral term (0.5x T (t)Q 2 (t)x(t)) denotes the sum of system state error, which represents the total measurement for the tracking errors of the sideslip angle and yaw rate. When x(t) ≠ 0, x T (t)Q 2 (t)x(t) ≥ 0, the value of the item is proportional to the error, which reflects the control effect of the system. e control integral term (0.5u T (t)R 2 (t)u(t)) represents the measurement of yaw moment generated in the stability control process of trajectory tracking. e value of this item is proportional to the energy consumed, which reflects the cost of control. Q 2 and R 2 are the weight matrix for control accuracy and energy cost during the control, respectively. Q 2 is set to a diagonal matrix, Q 2 � q 1 0 0 q 2 . e structure of the preview stability control is shown in Figure 6 .
Control vector can be written as
where K L is a coefficient matrix. Based on the Lyapunov function, the output of the system is continuously transmitted to the desired state. Assuming that
the degenerate Riccati equation is obtained as
According to Lyapunov's second method, if A 2 − B 2 K L is a stable matrix, there exists P satisfying equation (27) , and when x T (∞) � 0, the performance index is
Since R 2 is a positive definite symmetric matrix, R 2 can be written with a nonsingular matrix T as R 2 � T T T. Equation (27) is equivalent to
Equation (29) can be rewritten as
In order to minimize the performance index, K L is minimized by
en,
where R 2 is a constant matrix. Equation (32) must satisfy the degenerate Riccati equation, and the control vector can be obtained by submitting K L into equation (25) .
Coordinated Tracking Stability Control Strategy of Intelligent Electric Vehicles
Overall Scheme of Coordinated Tracking Stability
Control. e proposed coordinated stability control strategy leverages two control objectives from both traditional dynamic stability control and preview characteristics-based control. e former control method enables the vehicle to track the desired sideslip angle and yaw rate of the 2-DoF model, while the latter method can effectively reflect the driving behavior of the vehicle so as to be adopted to amend the former control. e correction factor ε and 1 − ε are introduced to adaptively define the relative contributions of traditional dynamic stability control target and the previewing stability control target. e final yaw moment is formulated as
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where M 1 is the traditional dynamic stability control part,
. e calculations of M 1 and M 2 are shown in Sections 3 and 4.2, respectively. It can be seen that the chosen correction factor will affect the final stability control performance. However, due to the fuzziness and uncertainty of information, it is difficult for traditional methods to integrate two control objectives directly. While multiobjective decision with Vague set has obvious advantages in dealing with the uncertainty of multiple control objectives and is adopted to calculate the correction factor [49] . e structure of the proposed coordinated control strategy can be depicted in Figure 7 . Vehicle state and control outputs of the two different targets are regarded as Vague set input.
Design of Tracking Stability Coordinated Control Strategy with Multiple Purpose Vague Set.
A scheme set A * is the candidate set of control methods. In this paper, A * 1 represents the traditional stability control strategy, A * 2 is the preview stability control strategy, and A * 3 is the coordinated control scheme, where both contributions of former objectives are combined. erefore, the scheme set can be written as A * � {A * 1 , A * 2 , A * 3 }. C 1 is the constraint with 2-DoF model; C 2 is the constraint with preview model, so the constraint condition is C � {C 1 , C 2 ,}. A * i in C is characterized by the following Vague set:
where t ij denotes the grade that A * i satisfies C j , while f ij denotes the grade that A * i does not satisfy C j , j � 1, 2. According to the characteristics of different stability control schemes, the Vague set is defined as
In order to select a control method in scheme A * , which can satisfy both control constraints C 1 and C 2 , the evaluation function E (A * i ) is designed to indicate the grade of satisfaction of method A * i to constraints. e evaluation function is shown in
and c A * i represent the true membership, false membership, and ambiguity, respectively. Since the ambiguity may contain the parts that tend to belong to or do not belong to the two distinct attributes, the proportion of these two parts is t A * i c A * i and
e score function is defined as follows:
In order to achieve the designed goal, the stability control effect based on Vague set should be better than that based on traditional dynamic stability control or preview stability control alone.
By solving equation (38), we can get the range of ε is [ε min , ε max ]. In this paper, the values of t 11 , t 12 , f 11 , f 12 , t 21 , t 22 , f 21 , and f 22 are set to 0.9, 0.1, 0.1, 0.8, 0.9, 0.2, 0.1, and 0.7.
Considering the steering wheel angle is proportional to the degree of lateral motion for vehicle, when the steering wheel is large, priority is given to the preview stability control with increased weight so that the desired trajectory can be tracked reliably. While the steering wheel angle is small, priority should be given to ensuring that the vehicle tracks the desired state with the 2-DoF model and the weight of the preview stability control should decrease. erefore, the correction factor ε can be adjusted according to
where δ max is the maximum steering wheel angle. Mathematical Problems in Engineering According to the yaw moment obtained, the torque distribution of each driving wheel can be completed by taking the advantage of independent control for the distributed drive vehicle.
Verification and Analysis of the Proposed
Tracking Stability Control Strategy
Construction of MATLAB/CarSim Simulation Platform.
In order to verify the pros and cons of the coordinated control strategy based on Vague set for tracking stability performance of intelligent electric vehicle, considering the advantages of MATLAB and CarSim software, the tracking stability control strategy model is built with MATLAB/ CarSim simulation environment. e vehicle model is built with CarSim and the stability control strategy model is built based on MATLAB. e sideslip angle and yaw rate are obtained from the vehicle, and the deviations of sideslip angle and yaw rate are calculated with the ideal model. en the direct yaw moments under the two control objectives are designed. According to Vague set theory, the weight factors of coordinated control are obtained, which can be used to determine the final stability control moment, so as to adjust the vehicle stability state in real time, and a complete closed loop control system is formed in this way. Two parts of the model are calculated by solvers in different software platforms, and data interact through the interface module of CarSim software. e structure diagram of the MATLAB/CarSim simulation platform for the coordinated stability control strategy of the intelligent electric vehicle is shown in Figure 8 . e premise of implementing MATLAB/CarSim simulation is to configure the input and the output parameter interface correctly. e parameters of CarSim input and output interfaces are shown in Table 1 .
Simulation Results and Analyses.
Based on the simulation platform of Figure 8 , the comparison and analysis of simulation for the stability control strategies are carried out under the condition of double lane change, which is a typical condition for vehicle stability test.
During the simulation, the vehicle speed is maintained at 80 km/h and road friction coefficient is set to 0.8. e main parameters for vehicle model are chosen as Table 2 . Besides, for SMC controller, c is set to 0.5, k SMC is set to 2000 [43] , and for LQR controller, q 1 and q 2 are both set to 5; R 2 is chosen as 1 for computational convenience.
Vehicle states without stability control strategy and with traditional stability control strategy as well as the coordinated stability control strategy proposed in this paper are compared. Besides, for better comparison, the MPC control strategy is also rebuilt [50] . e yaw rate, sideslip angle, lateral acceleration, steering wheel angle, and trajectory of the vehicle are shown in Figure 9 . From Figure 9 (a), it can be seen that when the intelligent electric vehicle begins to change lane, compared with the traditional stability control, MPC stability control, and coordinate stability control, yaw rate fluctuation range is larger if there is not any stability control act, and the range of yaw rate even reaches − 17.4°/s∼23.40°/s. While the yaw rate can be controlled within a certain range by stability control strategies, the range is − 14.36°/s∼13.63°/s, − 14.98°/s∼14.25°/ s, and − 12.72°/s∼12.50°/s with traditional control strategy, MPC, and coordinated stability control strategy, respectively. e peak yaw rate is reduced by 46.6%, 11.4%, and 15.0% compared with the uncontrolled situation, traditional control situation, and MPC strategy.
It can be seen from Figure 9 (b) that the sideslip angle starts to fluctuate in a large range without stability control when changing lane. e range is as wide as − 3.31°∼3.40°d uring the whole process, and the vehicle is inclined to become unstable. With the traditional stability control strategy and the MPC strategy, the sideslip angle range is − 2.42°∼1.94°and − 2.22°∼2.06°. And with the proposed coordinated control strategy, the range is only − 2.10°∼1.83°. e peak value is reduced by 45.6%, 13.2%, and 11.2% compared with the uncontrolled situation and with the traditional stability control as well as MPC strategy. Vehicle sideslip angle is significantly reduced.
From the curve of lateral acceleration in Figure 9 (c), it can be seen that, without stability control strategy, the lateral acceleration increases significantly and the peak value reaches 0.375 g during the second lane change stage. e peak value of lateral acceleration is 0.201 g and 0.219 g with traditional stability control strategy and MPC strategy, while that peak value is only 0.183 g with the proposed coordinated stability control strategy. e value is 51.2%, 8.90%, and 16.4% lower than that without any stability control and with traditional stability control and MPC control.
From Figure 9(d) , it can be seen that steering wheel angle fluctuates in the range of − 92.53°∼82.62°without stability control strategy during the lane changing process. When the stability control strategy is applied, the range decreases. With traditional dynamic stability control strategy and MPC strategy, the range is − 63.86°∼64.55°and − 62.53°∼59.53°, and with the stability control strategy proposed in this paper, the range is only − 53.64°∼54.18°.
As can be seen from Figure 9 (e), the trajectories of the intelligent electric vehicle can follow the desired trend without control strategy. Although the deviation between them is accepted, a smaller deviation can be obtained with the coordinated stability control strategy proposed in this paper.
In summary, aiming at tracking stability problem, the strategy developed in this paper has good performance compared with the stability control strategies failing to take preview into consideration. Vehicle states including yaw rate, sideslip angle, lateral acceleration, and steering wheel angle are limited in an acceptable range. What is more, the proposed strategy is also beneficial to tracking accuracy rising.
Vehicle Test Verifications and Analyses.
To further verify the proposed control strategy, a hardware-in-loop experiment platform for front-wheel independent drive intelligent electric vehicle is built with A&D5435, as shown in Figure 10 . e simulation model is converted into C code by real-time workshop technology so that the control strategy can be downloaded to A&D5435, where the control algorithm runs. e information of vehicle position, vehicle speed, yaw angle, and yaw rate is collected by GPS/INS. Steering wheel angle and its changing rate are collected by steering wheel angle sensor. ese states are transmitted through CAN bus to A&D5435, and the PWM control signal is produced to control the driving motor according to vehicle state. At the same time, A&D5435 can simultaneously display, record, and save the state information of intelligent electric vehicle during the test. e parameters of the test vehicle are similar to the vehicle model in simulation.
In this paper, the test of double lane change with constant speed is carried out. e lane is shown in Figure 11 . e red dots are cones forming the boundary of lanes. Vehicle yaw rate, lateral acceleration, steering wheel angle, and trajectories with the speed of 45 km/h and 60 km/h are shown in Figures 12 and 13 , respectively.
Vehicle yaw rate is plotted in Figure 12 (a). e range of the experimental value and simulation value is − 26.31°/s to 24.66°/s and − 23.65°/s to 24.43°/s, respectively. e maximum deviation is 2.42°/s, which occurs at the second lane changing point. e average deviation between them is only 1.22°/s. Yaw rate can be controlled within a certain range through the control strategy researched in this paper. e lateral acceleration of the vehicle is shown in Figure 12 acceleration range obtained in the experiment is − 0.533 g to 0.545 g and is − 0.492 g to 0.538 g in the simulation. e maximum deviation and average deviation between them are 0.04 g and 0.01 g, respectively, and their variation tendency is the same, which shows good consistency in experiment and simulation.
From Figure 12 (c), it can be seen that the steering wheel angle changes smoothly during the whole driving process without large fluctuation, which is beneficial for the vehicle stability. e value fluctuates from − 108.76°to 78.02°in experiment and − 112.43°to 75.47°in simulation. e error between them is within 8.60°during the whole process, which shows that the experimental results are in good agreement with the simulation results.
Vehicle trajectories are plotted in Figure 12(d) . It can be seen that the vehicle can travel along the given trajectory in both experiment and simulation, and the experimental result is close to the simulation result. Besides, deviations between desired trajectory and the actual ones are also accepted; it is obvious that the stability control strategy is also beneficial to improving the tracking performance.
From Figures 13(a) -13(c), it can be seen that the fluctuation tendency of yaw rate, lateral acceleration, and steering wheel angle of the vehicle with speed of 60 km/h is similar to that of 45 km/h, and experimental results are also consistent with simulation results. At 2.32 s, the amplitude of steering is the largest, and the maximum values of test results and simulation results are − 135.40°and − 132.71°, respectively, with an average error of 7.73°. e range of yaw rate obtained from experiment and simulation varies from − 25.71°/s to 16.05°/s and − 26.02°/s to 17.12°/s, with an average error of 5.65°/s. And for lateral acceleration, the range varies from − 0.736 g to 0.516 g and − 0.756 g to 0.535 g, with an average error of 0.03 g. e maximum errors between simulation results and experimental results for yaw rate, lateral acceleration, and steering wheel angle are restrained within 5.43°/s, 0.12 g, and 21.0°, respectively. From Figure 13 (d), it can be seen that the vehicle trajectory variation of experimental result and simulation result is similar. Before lane changing, the trajectory deviation between them is quite small, and there is a certain deviation when steering. As a whole, the stability control strategy can not only improve the tracking stability performance but also have a positive effect on tracking precision.
Conclusions
is paper proposes a novel tracking stability control strategy based on traditional stability control with adoption of preview characteristics for intelligent electric vehicles. Traditional dynamic stability control enables the vehicle to track desired stable states; meanwhile preview model reflecting driving behavior further modifies the former control. Vague set is used to calculate the weight coefficient of the system in different driving states to ensure the outstanding trajectory tracking stability performance of the vehicle. Simulation results show that, with the proposed control strategy, the peak values of sideslip angle, yaw rate, and lateral acceleration are reduced by 13.2%, 11.4%, and 8.9% compared with the traditional stability control strategy. What is more, trajectories under different control strategies indicate that the proposed coordinated stability control strategy is also beneficial to improving trajectory tracking precision. Besides, a rapid prototyping experiment platform of the intelligent electric vehicle is built based on A&D5435, with which a double lane change experiment is conducted. e average deviations between experimental result and simulation result of yaw rate, lateral acceleration, and steering wheel angle are less than 10%. Simulation and experimental results demonstrate that the proposed control strategy can be applied to improve the tracking stability.
To further enhance the control accuracy and practicability, the coupling research of longitudinal dynamics and lateral dynamics will be carried out. In addition, the approach will also be extended to handle more complex and realistic traffic scenarios.
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